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Abstract
Sperm–egg interaction was investigated in mouse eggs freed from the zona pellucida and injected with Clostridium difficile toxin B, the
inhibitor of Rho family small G proteins. Toxin B reduced in a dose-dependent manner the percentage of eggs associated with sperm fusion
on the surface or sperm nucleus decondensation in the ooplasm, examined by injection of a DNA-staining dye into the egg and transfer of
the dye to the fused sperm head after recording intracellular Ca2 responses for 100 min postinsemination. The mean number of
decondensed sperm nuclei per egg was remarkably decreased by 1 g/ml toxin B in the ooplasm. This was because spermatozoa were
arrested at the fusion state without developing to sperm incorporation and tended to lose cytoplasmic continuity to the egg. The
fusion-arrested spermatozoa caused transient small Ca2 oscillations in most of eggs, while an injected spermatozoon produced repetitive
large Ca2 spikes unaffected by toxin B. A decrease in the rate of fused spermatozoa and decondensed sperm nuclei was also caused by
20-40 M cytochalasin D, the inhibitor of actin polymerization. Immunostaining of Rho proteins showed that Rac1 and RhoB are present
in the cortical ooplasm, but Cdc42 is absent. Actin filaments in the cortex appeared to be reduced in toxin B-injected eggs. This study
suggests that Rho protein(s) regulating actin-based cytoskeletal reorganization is involved in the process leading to sperm incorporation.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The primary events that occur at the early stage of fer-
tilization are gamete binding and fusion, and subsequent
incorporation of the sperm nucleus into the ooplasm. The
understanding of the molecular basis for these dynamic
events is still fragmental, and it is a current major subject
to be solved. As surface proteins involved in mammalian
sperm–egg membrane binding, fertilin  (Cho et al., 1998)
and cyritestin (Nishimura et al., 2001) are the best candi-
dates in the sperm membrane (Talbot et al., 2003). Integrin
61 was proposed in the egg membrane (Almeida et al.,
1995), but its significance is doubtful in recent gene-knock-
out studies (Miller et al., 2000). CD9, which is expressed on
the egg microvilli, is found to participate in sperm–egg
fusion as a prerequisite factor (Le Naour et al., 2000;
Miyado et al., 2000; Kaji et al., 2000). Upon sperm–egg
contact, numerous egg microvilli overlie the sperm head,
most abundantly at the equatorial segment of the acrosome
and the postacrosomal region, and facilitate gamete fusion
(Yanagimachi, 1981, 1994). Dynamic structural changes
must take place in the egg surface to incorporate a sperma-
tozoon, based on cytoskeletal rearrangements. In sea urchin
eggs, sperm entry is facilitated by a protrusion of the oop-
lasm, the fertilization cone, in which actin filaments are
densely assembled (Tilney and Jaffe, 1980; Schatten and
Schatten, 1980), and is prevented by cytochalasin B, the
inhibitor of actin polymerization (Longo, 1978; Schatten
and Schatten, 1980). Cytochalasin B or D has been shown to
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disturb sperm incorporation in eggs of the hamster (Rogers
et al., 1989), pig (Sun et al., 2001), and cow (Sutovsky et al.,
1996). In the mouse, the number of fused sperm per egg is
decreased by cytochalasin B, jasplakinolide, and latrunculin
(drugs that perturb the actin-cytoskeleton by different mech-
anisms) (McAvey et al., 2002), although sperm fusion and
entry have been reported to be unaffected by cytochalasin B
(Longo, 1978) or D (Maro et al. 1984). Despite these find-
ings, there is little information about the cell signaling that
links gamete binding and cytoskeletal changes within the
egg.
Rho family, one of the small monomeric G protein fam-
ilies, has been attended as a regulator of actin-based cy-
toskeletal rearrangements (Ridley, 2001; Takai et al., 2001).
The major members of Rho family are Rho, Rac, and
Cdc42. Rho is known to regulate the assembly of focal
adhesions and actin stress fibers in response to growth
factors (Ridley and Hall, 1992). Rac causes membrane ruf-
fling and the formation of lamellipodia (Ridley et al., 1992),
and Cdc42 triggers the formation of filopodia (Nobes and
Hall, 1995). To our knowledge about the existence of Rho
family proteins in oocytes, there is only one paper that
showed a protein which is ADP-ribosylated by Clostridium
botulinum C3 exoenzyme (C3-CB) (Moore et al., 1994), the
functional inhibitor of Rho due to ADP-ribosylation (Char-
din et al., 1989). C3-CB inhibits emission of the second
polar body and cleavage to two-cell stage in mouse eggs
(Moore et al., 1994) or disturbs the organization of the
contractile ring in dividing sea urchin eggs (Mabuchi et al.,
1993). C3-CB, however, does not affect the modification of
the zona pellucida or the rate of pronucleus formation in
mouse eggs (Moore et al., 1994). Rho was considered not to
play any significant role in sperm entry, and other Rho
family G proteins in oocytes have not been studied. Re-
cently, we intended to examine the involvement of Rho
family protein(s) in the process from gamete fusion to
sperm incorporation in mouse eggs.
Sperm–egg fusion is usually detected by injection of a
DNA-staining dye into the egg and transfer of the dye into
the fused sperm head. In mammalian eggs, repetitive in-
creases in intracellular Ca2 concentration ([Ca2]i) are a
good indicator of gamete fusion and egg activation. This
Ca2 oscillation occurs due to Ca2 release from the endo-
plasmic reticulum (ER) mainly through the inositol 1,4,5-
trisphosphate receptor (InsP3R) and serves as the trigger
signal for egg activation (Miyazaki et al., 1993; Jones,
1998). The first [Ca2]i rise in the mouse egg occurs 1–3
min after sperm–egg fusion was formed (Lawrence et al.,
1997), supporting the idea that Ca2 oscillation-inducing
sperm factor(s) enters the ooplasm through cytoplasmic
continuity (Swann, 1996; Jones, 1998). Experiments in
CD9-deficient mice have shown a 100% correlation be-
tween the absence of egg-to-sperm dye transfer and the lack
of Ca2 oscillations (Kaji et al., 2000).
In the present study, the participation of Rho protein(s) in
fertilization was addressed in mouse eggs by using Clos-
tridium difficile toxin B, which is known to glucosylate all
major members of Rho family and, thereby, inhibit their
functions by preventing effector coupling (Aktories et al.,
2000). We investigated the occurrence and temporal pattern
of Ca2 oscillations during fertilization in individual eggs
injected with toxin B. In relation to the Ca2 responses, we
observed the status of sperm–egg interaction in the same
eggs using the dye transfer method; membrane fusion, de-
tachment, or incorporation of the spermatozoa and decon-
densation of the sperm nucleus. Our results indicated that
the Rho family G protein(s) does participate in the promo-
tion of sperm incorporation at fertilization.
Materials and methods
Preparation of gametes and insemination
B6D2F1 female mice (8-12 weeks old) were superovu-
lated by i.p. injection of 5-IU pregnant mare’s serum go-
nadotropin (Teikoku Hormone Mfg., Tokyo, Japan), fol-
lowed 48-52 h later by injection of 5-IU human chorionic
gonadotropin (hCG; Mochida Pharmaceutical Co. Ltd., To-
kyo). Mature eggs arrested at the metaphase of the second
meiosis were released from the oviducts into M2 medium
(Fulton and Whittingham, 1978) at 16-17 h post-hCG. Eggs
were freed from cumulus cells by a brief treatment with
0.05% hyaluronidase (Sigma, St. Louis, MO), followed by
washing with M2 medium containing 4 mg/ml bovine se-
rum albumin (BSA). Before insemination, the zona pellu-
cida were removed by brief exposure to acidic Tyrode’s
solution (pH 2.5, 20-30 s) and subsequent gentle pipetting
(Nakano et al., 1997). The zona-free eggs were loaded with
the Ca2-sensitive fluorescent dye fura-2 acetoxymethyl
ester (fura-2 AM; Molecular Probes Inc., Eugene, OR) by
incubation in M2 medium containing 5 M fura-2 AM for
8 min at 37°C. After washing, 15–20 eggs were transferred
to a 5-l drop of BSA-free M2 medium covered with
paraffin oil in a glass-bottomed plastic dish for Ca2 imag-
ing (see Nakano et al., 1997). Eggs stuck to the glass bottom
in BSA-free medium within 5 min, and then 5 l of M2
medium with BSA was added to the drop. The experimental
dish was placed on the stage of an inverted fluorescence
microscope (TMD, Nikon, Tokyo), heated at 31-33°C. This
range of temperature allowed us to perform a long-term
stable measurement of [Ca2]i using fura-2.
The sperm of male B6D2F1 (8-11 weeks) were used for
in vitro fertilization (IVF). Spermatozoa of the cauda epi-
didymides were released into a 400-l drop of M16 medium
(Whittingham, 1971) supplemented with 4 mg/ml BSA. For
capacitation and acrosome reaction of the spermatozoa, 20
l sperm suspension was diluted to 400 l drop of the same
medium and incubated at 37°C for more than 6 h (5% CO2
in air). IVF was performed at 31-33°C. A small amount of
sperm suspension was added to the drop containing the
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experimental eggs, in such a way that 10-15 spermatozoa
attached to each egg during 100 min of observation.
Injection of toxin B and application of cytochalasin D
C. difficile toxin B (Calbiochem, San Diego, CA) was
dissolved at a concentration of 40 g/ml in a solution
containing 50 mM Tris (pH 7.5) and 50 mM NaCl. UDP-
glucose (5 mM) was added, because glucosylation of Rho
family G proteins by toxin B is enhanced in the presence of
UDP-glucose (Just et al., 1995). The toxin B solution was
injected into 10–15 zona-intact eggs in a dish within 30
min, using a glass micropipette and applying an air pulse of
constant pressure and 1 s duration. The injected amount of
the solution was calibrated by using a fluorescent dye and
was approximately 5 pl. The estimated concentration of
toxin B in the egg (volume, 200 pl) is 1 g/ml. In some
experiments, 5 or 200 g/ml toxin B was injected in the
same way. The eggs were incubated for 2.5–3 h at 37°C (5%
CO2 in air) before IVF, to allow injected toxin B to glu-
cosylate Rho proteins (Schmidt et al., 1996). C3-CB (50
g/ml; Wako Pure Chemical Ind., Osaka, Japan) was in-
jected into some experiments in the same way.
In every experiment, control eggs were injected with
toxin B-free solution (containing UDP-glucose) and were
placed in the same drop of M2 medium, together with toxin
B-injected eggs. Thus, the experimental condition of insem-
ination was comparable between toxin B-injected eggs and
control eggs. Insemination was usually performed at 20-21
h post-hCG. The eggs might be aged ones. In some exper-
iments, eggs were collected at 14 h post-hCG, and toxin
B-injected eggs were inseminated at 18 h. Inhibition of
sperm incorporation was observed in these younger eggs as
well. Earlier insemination was impractical in the present
experiment using toxin B.
Cytochalasin D (Aldrich, Milwaukee, WI) was dissolved
in dimethyl sulfoxide (DMSO) at concentrations of 1 M
(0.01% DMSO), 20 M (0.1% DMSO), and 40 M (0.2%
DMSO) in M2 medium. Zona-free eggs were transferred to
the cytochalasin solution and incubated for 1-2 h at 37°C
(5% CO2 in air). IVF was performed in the presence of
cytochalasin D.
[Ca2]i measurement
[Ca2]i was measured by a conventional Ca2 imaging
method using an image processor (Arugas 50; Hamamatsu
Photonics, Hamamatsu, Japan). For excitation of fura-2, UV
light of 340 nm or 380 nm wavelength was alternatively
applied to the egg through a 20 objective lens (Fluor 20;
Nikon). Emission fluorescence (F) was passed through a
500- to 520-nm bandpass filter and was detected by a silicon
intensifier target camera (C2400-08, Hamamatsu Photon-
ics). [Ca2]i measurement was started a few minutes after
addition of the sperm and continued for 90-100 min at a
sampling interval of 20 s. [Ca2]i was averaged in the whole
egg and presented as the fluorescence ratio for two excita-
tion lights (F340/F380) (for details, see Nakano et al., 1997).
Processing was performed with NIH Image (a public domain
image processing software for the Macintosh computer).
Observation of the sperm nucleus
The status of sperm–egg interaction was observed by the
following two methods.
Method 1
Fura-2-loaded inseminated eggs were subjected to re-
cording of Ca2 responses for 90-100 min, and then injected
with 4, 6-diamidino-2-phenylindole (DAPI; Sigma), a
DNA-specific fluorochrome, dissolved at a concentration of
50 g/ml in an intracellular medium (Oda et al., 1999). The
wave length characteristic of the filter used for excitation
light was 330-380 nm, and that for emission light was420
nm. Since excitation and emission spectra of DAPI overlap
those of fura-2, 5 mM MnCl2 was added to the injection
solution, in order to reduce fura-2 fluorescence in the egg by
Mn2 quenching. In later experiments, another DNA-stain-
ing dye propidium iodide (PI; Molecular Probes) was used
(5 mg/ml in the injection solution; excitation light, 510-560
nm; emission light, 590 nm).
Method 2
Eggs were first injected with another Ca2-indicator dye
fura-6F (Molecular Probes; 5 mM in the injection solution)
before insemination, and at 100 min after insemination, the
eggs were injected with PI and MnCl2. The experimental
condition for excitation and emission of fura-6F fluores-
cence was the same as that for fura-2. Since the affinity of
fura-6F to Ca2 is lower than that of fura-2, brighter fluo-
rescence was obtained by injecting fura-6F at higher con-
centrations without severely chelating the cytoplasmic
Ca2. This enabled us to detect clearly the fluorescence of
fura-6F that diffused from the egg to the fused spermato-
zoon. A spermatozoon that once fused with an egg but
detached later could be determined as a fura-6F-positive but
PI-negative spermatozoon (see Fig. 7D).
The spermatozoa stained by fluorescent dye(s) were
carefully searched throughout the egg. Fluorescence images
of the sperm nuclei were photographed by using a digital
microscope camera (SenSys, Phtometrics Ltd., Tucson, AZ)
and processed by the software IP Lab (Scanalytics Inc.,
Fairfax, VA).
Injection of a spermatozoon or sperm extract
In some experiments, Ca2 oscillations were induced by
injection of a spermatozoon or sperm extract into the egg
preinjected with toxin B. Intracytoplasmic sperm injection
(ICSI) was performed in zona-intact eggs, according to
Nakano et al. (1997). An active spermatozoon was sucked
into a glass micropipette connected to a microinjector (IM-
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4B; Narishige, Tokyo). The pipette was driven by a piezo-
electric micromanipulator (PMAS-CT140, Prime Tech Ltd.,
Tsuchiura, Japan) to penetrate the zona pellucida and the
oolemma. The spermatozoon in the pipette was immobi-
lized during application of piezo-pulses. The spermatozoon
was ejected in the deep cytoplasm, and the pipette was
gently withdrawn. Ca2 oscillations appeared within 15 min
after ICSI.
Hamster sperm extract was prepared by the method de-
scribed previously (Oda et al., 1999). Briefly, the sperm
were sonicated, and supernatant was obtained after centrif-
ugation (90,000g, 90 min). The putative Ca2 oscillation-
inducing protein was partially purified with Cibacron Blue
F3GA dye affinity chromatography (Econo-Pac Blue Car-
tridge; Bio-Rad Lab., Hercules, CA). The final sperm ex-
tract contained 0.7 mg/ml protein, 120 mM KCl, and 20 mM
Hepes/KOH adjusted to pH 7.5, 1 mM EDTA.
Immunostaining of Rho family proteins
Zona-intact MII eggs were fixed for 10 min by 4%
paraformaldehyde in phosphate-buffered saline (PBS) con-
taining 0.1% polyvinyl alcohol (P-PBS). The fixed eggs
were permeabilized by exposure to 0.1% Triton X-100 in
P-PBS for 90 s and blocked by bathing them in 1% BSA-
containing P-PBS overnight at 4°C. For immunostaining,
eggs were incubated successively with a primary and a
secondary antibody (Ab) for 1 h each at room temperature,
followed by careful washing. The primary Ab used was
affinity-purified polyclonal Abs (Santa Cruz Biotechnology,
Santa Cruz, CA) obtained from goats (sc-12116 for RhoC,
1: 100 dilution) or rabbits (sc-179 for RhoA, sc-180 for
RhoB, sc-95 for Rac1, sc-96 for Rac2, sc-87 for Cdc42;
1:200 dilution). The secondary Ab was Alexa Fluor 488-
labeled rabbit anti-goat IgG Ab (A-21222, 1:200; Molecular
Probe, Eugene, OR) or FITC-labeled goat anti-rabbit IgG
Ab (FI-1000, 1:1000; Vector Laboratories, Burlingame,
CA). Monoclonal Abs against Rac proteins (23A8; 1:200;
Upstate Inc., Lake Placid, NY) was used, together with
BODIPY-labeled anti-mouse IgG Ab (B-2752; 1:200; Mo-
lecular Probe). For positive control of Cdc42, its cDNA was
subcloned into pBluescript KS. RNA with an added long
poly(A) tail was synthesized and injected into oocytes at the
GV stage (for details, see Aida et al., 2001). Expressed
Cdc42 in eggs matured in vitro was stained with sc-87. The
stained eggs were observed by using a confocal laser scan-
ning microscope (LSM310, Carl Zeiss, Oberkochen, Ger-
many) with an argon laser (488 nm) (for detail, see Shiraishi
et al., 1995).
Staining of F-actin
Eggs were fixed after cytochalasin treatment for 1-2 h or
after incubation for 3 h postinjection of toxin B. The meth-
ods of fixation and permeabilization of eggs were the same
as those described above. Eggs were incubated for 30 min in
PBS containing 660 nM rhodamine phalloidin (Molecular
Probe) at room temperature. After washing, the stained eggs
were observed by using a confocal microscope with a
He/Ne laser (543 nm).
Results
The rate of sperm–egg fusion and sperm nucleus
decondensation
Fig. 1 (obtained by Method 1) shows that 96% of control
eggs (95/99) exhibited Ca2 oscillations after addition of
the sperm (insemination) (Fig. 1B, open bar) and that
sperm–egg fusion was recognized in all those eggs when
examined at 100 min after insemination by injecting DAPI
or PI (Fig. 1B, shaded bar plus dotted bar). Multiple sper-
matozoa fused with an egg, as the zona pellucida had been
removed. In a typical egg presented in Fig. 1A, fused sper-
matozoa were identified by one decondensed sperm nucleus
in the ooplasm (arrowhead 1) and two nondecondensed
sperm nuclei stained by dye transfer on the egg surface
(arrowheads 2 and 3). Either decondensed or nondecon-
densed sperm nuclei could be clearly discriminated, and the
decondensed sperm nucleus was distinguishable from the
egg chromosomes (arrowhead 4). In control eggs, at least 1
decondensed sperm nucleus was observed in 85 of 95 eggs
that showed Ca2 oscillations (89%; shaded bar in Fig. 1B),
and nondecondensed sperm nuclei alone were found in 10
eggs (dotted bar). The initiation time of Ca2 oscillations,
that is considered to roughly reflect the time of sperm–egg
fusion, was within 40 min after insemination in most of
eggs, although widely scattered between 5 and 95 min as a
whole (Fig. 2A). Since Ca2 oscillations began later than 60
min in the eggs that had nondecondensed sperm nuclei
alone (Fig. 2A, dotted bar), some spermatozoa seemed not
to undergo nucleus decondensation by the time of observa-
tion at 100 min.
The effect of toxin B was examined by injection of 40
g/ml toxin B solution (1 g/ml in the ooplasm), unless
stated otherwise. About 70% of eggs (79/113) showed Ca2
responses (Fig. 1B), although the oscillation pattern was
different from that in control eggs (see later section). The
percentage was substantially lower than that in control eggs.
Sperm–egg fusion (decondensed and/or nondecondensed
sperm nuclei) was recognized in 56 of 79 eggs (70%) that
exhibited Ca2 responses, implying that Ca2 responses
occurred without detectable sperm–egg fusion in 30% of
eggs. Fused spermatozoa might have been separated from
the egg during 100 min (see later section). Even though
sperm–egg fusion was detected, the decondensed sperm
nucleus was found in only 27 of 56 eggs (48%; shaded bar
in Fig. 1B); that is, fused spermatozoa did not undergo
nucleus decondensation in half of the eggs (dotted bar). The
initiation time of the Ca2 response seemed to be little
delayed by toxin B, compared with that in control eggs (Fig.
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2A and B). In the presence of toxin B, however, spermato-
zoa tended to be kept at the nondecondensed state after
fusion with the egg at least until 100 min postinsemination
(dotted bar in Fig. 2B) or fused spermatozoa were missing
at 100 min (open bar).
The mean number of fused spermatozoa per egg was
examined in all eggs that showed Ca2 responses. For
control eggs (n  95), the fused spermatozoa (both decon-
densed and nondecondensed nuclei) per egg were 2.5
(hatched white bar in Fig. 1C) and decondensed nuclei were
Fig. 1. Effects of toxin B on sperm–egg interaction. (A) The sperm and egg nuclei in a control egg stained by PI at 100 min postinsemination. Arrowhead
1, decondensed sperm nucleus; 2 and 3, nondecondensed nuclei of fused spermatozoa; 4, egg chromosomes. (B) Percentages of eggs that showed Ca2
responses (open bar), at least one decondensed sperm nucleus (shaded bar), and fused sperm with nondecondensed nuclei alone (dotted bar). The number
in a parenthesis indicates that of the eggs examined at 100 min postinsemination. The concentration of toxin B in the injection solution is indicated. (C) The
mean number of fused sperm (both decondensed and nondecondensed nuclei; hatched white bar) and decondensed sperm nuclei (hatched black bar) per egg
(examined in the eggs presented in B).
526 J. Kumakiri et al. / Developmental Biology 260 (2003) 522–535
1.6 (hatched black bar). The values were 0.95 and 0.39,
respectively, in toxin B-injected eggs (n  79). Fig. 3
illustrates histograms of eggs in terms of the number of
fused spermatozoa. In control eggs, the number of fused
spermatozoa (Fig. 3A) and decondensed sperm nuclei (Fig.
3B) distributed between 1 and 6, and 0 and 5, associated
with largest column at 2 and 1, respectively. In toxin B-
injected eggs, the number of fused spermatozoa shifted to
the left and was restricted from 0 and 3 (Fig. 3C). The
decondensed sperm nucleus was not found in the majority
of eggs or, if any, it was only one or two per egg (Fig. 3D).
Thus, the number of fused spermatozoa was reduced and the
rate of the decondensed nucleus was remarkably decreased
in the presence of toxin B. Since the nondecondensed nuclei
were located on the egg surface, sperm incorporation into
the ooplasm but not nucleus decondensation itself was
likely to be inhibited by toxin B.
The reduction in the rate of the fused sperm and decon-
densed sperm nuclei observed at 100 min postinsemination
was dose-dependent, as shown using 5 or 200 g/ml toxin
B solution (0.1 or 5 g/ml in the egg; Fig. 1B and C).
Complete block was not accessed even by high concentra-
tion of toxin B. The percentage of eggs showing Ca2
responses was comparable between 40 and 200 g/ml toxin
B (Fig. 1B).
Ca2 oscillation pattern and sperm incorporation
Fig. 4 shows examples of Ca2 oscillations during IVF.
Control eggs exhibited repetitive discrete Ca2 spikes of
almost constant amplitude over 90 min (Fig. 4D). The first
Ca2 transient had a longer duration than succeeding ones,
and the interval between Ca2 spikes was prolonged pro-
gressively from 10 to 20 min (see Deguchi et al., 2000, for
precise spatiotempotal analysis of Ca2 oscillations). Toxin
B-injected eggs displayed a variety of Ca2 oscillation
patterns. Type A was the pattern basically similar to that of
control eggs, although some variation was involved (Fig.
4A). Type B was composed of high frequency Ca2 oscil-
lations and subsequent low frequency Ca2 spikes, associ-
ated with a transition pattern between them (Fig. 4B). The
first Ca2 transient had a considerably long duration as in
control eggs, but the amplitude was significantly smaller.
The succeeding Ca2 transients were smaller and shorter
than those of control eggs, and were enhanced to normal
Ca2 spikes later. An inverted sequence of type B was never
observed. Type C was high frequency small Ca2 oscilla-
tions alone (Fig. 4C). Even the first Ca2 transient had a
short duration. The Ca2 oscillations were transient and
ceased during 90 min. The numbers of eggs that showed
type A, B, and C were 23, 30, and 26 (total 79 eggs that
Fig. 3. Histograms of the fused sperm (both decondensed and nondecon-
densed nuclei; hatched white bar) and decondensed sperm nuclei (hatched
black bar) in terms of the number in an egg. (A and B) Control eggs. (C and
D) Eggs injected with 40 g/ml toxin B (the eggs presented in Fig. 1B).
Fig. 2. Histograms of eggs in terms of the initiation time of Ca2 responses,
including the eggs that showed at least one decondensed sperm nucleus
(shaded bar), nondecondensed sperm nuclei alone (dotted bar), and no
fused sperm (open bar). (A) Control eggs. (B) Eggs injected with 40 g/ml
toxin B (the eggs presented in Fig. 1B).
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were injected with 40 g/ml toxin B and presented in Fig.
1B).
The percentage of eggs associated with sperm nucleus
decondensation was 83% of the toxin B-injected eggs that
displayed type A Ca2 response, approximately comparable
to that of control eggs (Fig. 5A). The rate decreased to 23%
in the eggs showing type B response, and was as small as
4% in the eggs of type C response (1/26). Instead, the
percentage increased for the eggs in which nondecondensed
sperm nuclei alone were observed (Fig. 5A, dotted bar) or
fused spermatozoa were missing (Fig. 5A, open bar). The
mean number of fused sperm (both decondensed and non-
decondensed sperm nuclei) per egg was 1.3, 0.9, and 0.7 in
the eggs showing type A, B, and C Ca2 responses, respec-
tively (Fig. 5B, hatched white bar). The mean number of
decondensed sperm nuclei was 1.0, 0.2, and 0.04 for type A,
B, and C responses, respectively (Fig. 5B, hatched black
bar). Thus, there was a substantial correlation between the
failure of sperm–egg fusion and the occurrence of high
frequency small Ca2 oscillations. A more striking correla-
tion existed between the failure of sperm nucleus deconden-
sation and the unusual Ca2 oscillations.
Some experiments were subjected to examine whether
toxin B affects Ca2 oscillations induced by ICSI (Nakano
et al., 1997) or injection of sperm extract (Oda et al., 1999).
Repetitive large Ca2 spikes were produced by ICSI at an
interval of 20 min in the presence of toxin B (Fig. 6B;
examined in 9 eggs), comparable to those observed in con-
trol eggs (Fig. 6A). The nuclei of the injected spermatozoa
were decondensed and developed to the pronuclei. The
putative Ca2 oscillation-inducing sperm factor was likely
to be liberated from the sperm head. High frequency small
Ca2 oscillations did not occur under these conditions with-
out sperm–egg interaction. Toxin B did not affect the fre-
quency and amplitude of Ca2 transients induced by injec-
tion of hamster sperm extract with high dose (Fig. 6C and
D) or low dose (Fig. 6E and F). Repetitive large Ca2 spikes
were generated at intervals of 30 min, after sperm extract
was injected into a toxin B-injected egg twice at approxi-
mately minimal concentration for inducing Ca2 transients
(Fig. 6F). No unusual Ca2 oscillations appeared in 10 eggs
examined (see Fig. 6E for control experiment).
Loss of sperm–egg cytoplasmic continuity
The results described above suggest that some fused
spermatozoa may be separated from the egg later in the
presence of toxin B. Since it is impossible to detect the
separation in real time, we applied Method 2 (see Materials
and methods, and Fig. 7D). After the egg was injected with
fura-6F and inseminated, fura-6F diffused into the fused
sperm and the sperm head was seen in green. It is very
unlikely that the nonfused sperm are stained by membrane-
impermeable dye fura-6F injected into the egg. When PI and
MnCl2 were injected at 100 min postinsemination, fura-6F
fluorescence was reduced by Mn2 quenching, while PI
Fig. 4. Ca2 responses at fertilization in eggs injected with 40 g/ml toxin
B (A, B, and C) and a control egg (D). Type A, B, and C Ca2 responses
are presented in (A), (B), and (C), respectively.
Fig. 5. Relationship between sperm–egg interaction and the type of Ca2
response pattern in eggs injected with 40 g/ml toxin B (the eggs presented
in Fig. 1B). (A) Ca2 response pattern and the rate of the eggs that showed
at least one decondensed sperm nucleus (shaded bar), fused sperm with
nondecondensed nuclei alone (dotted bar), and no fused sperm (open bar).
(B) Ca2 response pattern and the mean number of fused sperm (both
decondensed and nondecondensed nuclei; hatched white bar) and decon-
densed sperm nuclei (hatched black bar) per egg.
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stained in red the decondensed sperm nucleus (arrowhead 1
of Fig. 7A), egg chromosomes (arrowhead 2 of Fig. 7A),
and fused but nondecondensed sperm head (arrowhead 3 of
Fig. 7A). Fig. 7A is a case of a control egg which showed
large Ca2 spikes. In our experimental system, the excita-
tion light of fura-6F slightly excited PI, and PI fluorescence
was not cut off. Therefore, the sperm that contained both
fura-6F and PI was seen in the intermediate color, orange
(arrowhead 3 of Fig. 7A).
Fig. 7B is a toxin B-injected egg that exhibited high
frequency small Ca2 oscillations between 20 and 35 min
and Ca2 spikes at about 90 min. The egg showed two fused
spermatozoa with the nondecondensed nucleus stained by
PI (arrowheads 2 and 3) plus fura-6F (arrowheads 2 and 3;
orange colored spots). It should be noted that one sperm
head was seen in green (but not orange) in fura-6F images
(arrowhead 1 of Fig. 7B) but not seen in PI images. Fig. 7C
is an example which showed small Ca2 oscillations (type
C response) starting at 12 min after insemination. Only a
fura-6F-stained spermatozoon was detected (arrowhead 1 of
Fig. 7C), but no sperm nucleus was stained by PI (arrow-
heads 2 indicate separating egg chromosomes). It is reason-
able to consider that this spermatozoon must have once
fused with the egg and induced small Ca2 oscillations, but
the cytoplasmic continuity to the egg was lost prior to PI
injection. Hereafter, the term “separation” will be used as
the loss of cytoplasmic continuity, although the sperm keeps
binding with the egg.
Fifteen “separated” spermatozoa were found in 14 of 21
eggs examined. In these 21 toxin B-injected eggs, 18 fused
spermatozoa with nondecondensed sperm nuclei and 3 in-
corporated spermatozoa with decondensed sperm nuclei
were observed at 100 min postinsemination. The rate of
separated spermatozoa to the total number of fused sperm
was 42% (15/36 spermatozoa), whereas it was 5% (6/112
spermatozoa) in 40 control eggs.
Effects of C3-CB
The effects of C3-CB, the inhibitor of Rho, on sperm
incorporation was examined. The eggs injected with 50
g/ml C3-CB showed normal Ca2 oscillations (Fig. 8A).
The mean number of fused spermatozoa or incorporated
spermatozoa per egg was unaffected by C3-CB (Fig. 8B).
Immunostaining of Rho, Rac, and Cdc42
in the mouse egg
The expression of major Rho family G proteins in un-
fertilized mature mouse eggs was investigated by immuno-
staining with Abs against respective proteins using a con-
focal microscope. Rac1 was clearly stained in the cortical
ooplasm including the animal pole region (Fig. 9A; exam-
ined in n  24 eggs), compared with controls which in-
cluded autofluorescence of the egg (Fig. 9C; n  12). The
first polar body was stained as well. Rac1 was similarly
stained by a monoclonal Ab 23A8 (n  9; not shown).
RhoB was stained in the surface layer of the ooplasm except
Fig. 6. Repetitive Ca2 spikes induced by injection of a spermatozoon (ICSI) (A and B) or sperm extract (C–F). (B, D, F) Records from eggs pre-injected
with 40 g/ml toxin B. (A, C, E) Control records. (A and B) A spermatozoon was injected about 10 min before the start of [Ca2]i measurement at the zero
time. (C and D) Sperm extract at relatively high concentration was injected at the time indicated by an arrowhead. (E and F) Sperm extract at an approximately
minimal concentration for inducing Ca2 transients was injected twice (arrowheads).
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the animal pole region (Fig. 9B; n  13). Cdc42 was not
stained (Fig. 9D; n  19), when compared with a positive
control using eggs in which Cdc42 was expressed by injec-
tion of RNA (Fig. 9E; n  8). It was hard to determine
significant fluorescence intensity of Abs against RhoA (n
 14), RhoC (n  14), and Rac2 (n  12) (not shown).
Ca2 response and sperm incorporation in the presence
of cytochalasin D
Ca2 responses similar to type B and C responses
were recorded during IVF in the presence of 40 M
Fig. 7. Loss of sperm–egg cytoplasmic continuity in the egg injected with 40 g/ml toxin B. Ca2 responses and images of fura-6F and PI fluorescence are
presented. (A) A control egg associated with a decondensed sperm nucleus (arrowhead 1), egg chromosomes (2), and a nondecondensed sperm nucleus (3).
(B) A toxin B-injected egg associated with a separated sperm head (arrowhead 1) and two nondecondensed sperm nuclei (arrowheads 2 and 3). (C) Another
toxin B-injected egg associated with a separated sperm head alone (arrowhead 1). Arrowheads 2 indicate the separating egg chromosomes. (D) Schematic
illustration of the method.
Fig. 8. Effects of C3-CB on Ca2 oscillations at fertilization (A) and the
mean number of fused sperm and decondensed sperm nuclei per egg (B).
The mode of presentation in (B) is the same as in Fig. 1C. No significant
effect of C3-CB was observed.
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cytochalasin D (Fig. 10A and B). The percentage of eggs
was 86% (24/28) for the occurrence of Ca2 responses
and 79% for the identification of fused spermatozoa in
the presence of 40 M cytochalasin D, while those were
100% in 0 or 1 M cytochalasin D solution (Fig. 10C).
Thus, sperm– egg fusion was slightly inhibited by cytoch-
alsin D. On the other hand, the rate of the decondensed
sperm nucleus was reduced from 90% in control eggs to
57% (20/35 eggs) or 45% (10/22) in 20 or 40 M cy-
tochalasin D, respectively (Fig. 10C). The mean number
of fused spermatozoa and decondensed sperm nuclei per
egg were decreased by cytochalasin D in a dose-depen-
dent manner (Fig. 10D). Thus, a suppression of sperm
incorporation was observed when actin polymerization
was inhibited by cytochalasin D, although complete
block was not obtained.
Staining of F-actin in the mouse egg
F-actin in unfertilized mature eggs was stained with
rhodamine phalloidin and observed by confocal micros-
copy. In control eggs injected with toxin B-free solution
(Fig. 11A; n  23 eggs), F-actin was strongly stained in the
cortical ooplasm, most densely in the animal pole region as
shown previously (Maro et al., 1984; Connors et al., 1998).
Faint fluorescence of a reticular pattern was seen in the deep
ooplasm. In the presence of 40 M cytochalasin D, F-actin
was clearly stained in the central region as well as the cortex
in a punctate pattern (Fig. 11B; n  15), probably corre-
sponding to disrupted actin filaments. In toxin B-injected
eggs, the dense distribution of F-actin in the cortex was
much reduced (Fig. 11C; n  16). Faint fluorescence was
observed as assembled clusters in the deep ooplasm. The
Fig. 9. Immunostaining of Rac1, RhoB, and Cdc42 in unfertilized mature mouse eggs. (C) is a control showing background fluorescence after application
of goat anti-rabbit IgG antibody. (D) is an egg in which Cdc42 was expressed by injection of RNA. The scale bar in (E) is 20 m.
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distribution of actin was unaffected by C3-CB (Fig. 11D; n
 7).
Discussion
Effects of toxin B
Despite the well-known implication of Rho GTPases in
the regulation of actin-based cytoskeletal reorganization
(Ridley, 2001; Takai et al., 2001), their roles in early dy-
namic events at fertilization have little been examined. The
present study demonstrated that toxin B reduced the rate of
fused spermatozoa and decondensed sperm nuclei in a dose-
dependent manner and this was well correlated to the oc-
currence of a transient small Ca2 oscillation in mouse
eggs. These changes can be interpreted by an inhibitory
effect of toxin B on the process of sperm incorporation into
the ooplasm. The lesser number of decondensed sperm
nuclei were observed probably because most of the fused
spermatozoa were stopped at a fusion state on the egg
surface. In addition, fused spermatozoa tended to lose cy-
toplasmic continuity with the egg after they triggered Ca2
oscillations. Sperm–egg membrane fusion may be reversed
when it fails to develop into sperm incorporation. Besides
the effect on sperm entry, toxin B seems to inhibit the initial
sperm–egg fusion, since the percentage of eggs showing
Ca2 responses was substantially reduced. Toxin B com-
pletely prevented the formation of the second polar body
and two-cell embryo even in the eggs in which the sperm
nucleus was decondensed and developed to the pronucleus
(data not shown), consistent with the inhibition by C3-CB,
the inhibitor of Rho (Mabuchi et al., 1993; Moore et al.,
1994).
The effective dose of toxin B is quite varied depending
on the target cell type and function (Thelestam and Chaves-
Olarte, 2000). Somatic cells are cultured with 1–100
ng/ml toxin B for several hours to 24 h (Prepens et al., 1996;
Li et al., 1998) to be taken up by endocytosis (Thelestam
Fig. 10. Effects of cytochalasin D on sperm–egg interaction. (A and B)
High frequency small Ca2 oscillations at fertilization in the presence of 40
M cytochalasin D. (C) Percentages of eggs that showed Ca2 responses
(open bar), at least one decondensed sperm nucleus (shaded bar), and fused
sperm with nondecondensed nuclei alone (dotted bar). The number in a
parenthesis indicates that of the eggs examined at 100 min postinsemina-
tion. The concentration of cytochalasin D in the external solution is indi-
cated. (D) The mean number of fused sperm (hatched white bar) and
decondensed sperm nuclei (hatched black bar) per egg.
Fig. 11. Staining of F-actin in unfertilized mature eggs with rhodamine phalloidin. (A) A control egg injected with toxin B-free solution and fixed 3 h later.
(B) An egg treated with 40 M cytochalasin D for 1 h. (C) An egg injected with 40 g/ml toxin B and fixed 2.5 h later. (D) An egg injected with 50 g/ml
C3-CB and fixed 2 h later.
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and Chaves-Olarte, 2000). Injected toxin B affects morpho-
logical changes of cultured cells (Mu¨ller et al., 1992;
Chaves-Olarte et al., 1997) at 5 ng/ml in the cell (rough
estimation from the injection volume of 10 fl). The inhi-
bition of sperm entry was detected at 125 ng/ml in mouse
eggs which are much larger than somatic cells and allows to
measure the injection volume (5 pl) more precisely. Fairly
high concentration may be required in the egg to inhibit
sperm incorporation, while cell division is inhibited more
easily. Since complete block of sperm entry was not ob-
tained even at high concentrations, another pathway(s) may
partially compensate the role of toxin B-sensitive Rho fam-
ily proteins.
Transient small Ca2 oscillation
A high frequency small Ca2 oscillation at IVF of toxin
B-injected eggs appears to result from partial Ca2 release
from the ER, unlike explosive Ca2 release in control eggs.
One may deduce random Ca2 release at some localized
areas. However, each [Ca2]i rise occurred in the whole egg
(not shown). The transient small Ca2 oscillation was well
correlated with the “fusion-arrested” sperm or the loss of
sperm-egg cytoplasmic continuity (Fig. 5A) and was also
caused by cytochalasin D which disturbed sperm entry.
Large Ca2 spikes occurred after ICSI, unaffected by toxin
B (Fig. 6B). The sperm factor will leak out of the injected
sperm into the ooplasm, since the sperm was immobilized
by touching with a pipette prior to ICSI and partially dam-
aged (Nakano et al., 1997). Thus, the small Ca2 oscillation
may result from insufficient sperm factor released from the
fusion-arrested sperm. However, type C Ca2 response
never occurred upon injection of sperm extract at the min-
imal effective dose even in the presence of toxin B (Fig.
6F). An additional nucleus-associated sperm factor may
enter the ooplasm at fertilization to induce explosive Ca2
release. An egg-activating factor bound to the perinuclear
matrix has been shown to exist in the mouse sperm (Perry et
al., 1999, 2000).
Toxin B could affect Ca2 release from the ER, as it is
attenuated upon depolymerization of actin filaments by cy-
tochalasin D in rat neurons (Wang et al., 2002). However,
toxin B did not affect Ca2 oscillations induced by ICSI or
sperm extract injection. Phospholipase C  (PLC ) is a
strong candidate of the cytosolic sperm factor that triggers
serial Ca2 release (Saunders et al., 2002). Rho family G
proteins are known to stimulate synthesis of phosphatidyl-
inositol 4,5-bisphsphate (PtInsP2) (Chong et al., 1994;
Hartwig et al., 1995), and both toxin B and C3-CB inhibits
the PLC activity possibly by reducing the PtInsP2 level
(Schmidt et al., 1996). Toxin B, therefore, might cause a
decrease of InsP3 production by PLC . However, this is
unlikely, because toxin B had no effect on Ca2 oscillations
after ICSI or injection of sperm extract at high and low
concentrations. C3-CB did not affect Ca2 oscillations at
fertilization (Fig. 8A). Taken together, the transient small
Ca2 oscillation is thought to be a useful indication of
incomplete sperm incorporation. Further studies are neces-
sary to address if multiple sperm factor components would
produce normal Ca2 oscillations at fertilization.
Participation of actin filaments in mammalian fertilization
The inhibitory effect of toxin B on sperm incorporation
is considered to be based on the failure of actin filament
reorganization regulated by Rho family G proteins. Actin
filaments are predominantly located in the cortex of mouse
eggs (Maro et al., 1984; Connors et al., 1998; Fig. 11A of
this paper). The participation of actin filaments in fertiliza-
tion is predicted in some respects. (1) Actin-filled egg mi-
crovilli are arranged as if they overlie and hold the sperm
head (Yanagimachi, 1981; 1994). This will facilitate stable
sperm–egg membrane adhesion at the base of the microvilli
field. (2) Microfilaments are accumulated around the sperm
fusion site (Maro et al., 1984). They might assemble and/or
stabilize binding proteins and other associating molecules to
prepare the fusion site, as actin filaments are capable of
cross-linking with transmembrane proteins such as integrins
and cadherins via linker proteins (Yamada and Geiger,
1997; Tsukita et al., 1997). (3) When the fused membrane is
disrupted, microfilaments might draw the binding proteins
along the plasma membrane and widen the edge of sperm–
egg cytoplasmic continuity for sperm entry. (4) In the next
process, sperm incorporation and migration into the oop-
lasm may be driven by microfilaments. At the same time,
the cortical ooplasm protrudes and envelops the fused
sperm, as observed in the hamster gametes by electron
microscopy (Yanagimachi and Noda, 1970; Yanagimachi,
1981).
It has been shown that sperm entry is disturbed by 200 M
cytochalasin B (CB) in the pig (Sun et al., 2001), 50 M CB
in the cow (Sutovsky et al., 1996), or 10–30 M cytocha-
lasin D (CD) in the hamster (Rogers et al., 1989). In mouse
eggs, 100 · M CB (Longo, 1978) or 1–10 M CD (Maro
et al., 1984) had no significant inhibitory effect. McAvey et
al. (2002) have shown that the number of fused sperm per
egg is rather slightly increased by 5 and 10 M CD (but not
at 20 M), as interpreted by inhibition of a postfertilization
decrease in egg membrane receptivity to sperm (reduced
polyspermy block). In our quantitative observation, the
number of the incorporated sperm was significantly reduced
by 20–40 M CD (Fig. 10), although fertilization occurred
in about half of the eggs. The actin network appeared to be
disrupted by CD (Fig. 11B).
Roles of Rho family G proteins
The present analysis first demonstrated that Rho family
G proteins are involved in the promotion of sperm incorpo-
ration, although responsible G protein(s) was not identified.
Rho family proteins are known to regulate diverse effector
proteins (Bishop and Hall, 2000; Takai et al., 2001) through
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which a variety of cytoskeletal changes are induced
(Schmitz et al., 2000). Besides well known morphological
changes (see Introduction), Rho proteins mediate actin-
membrane linkage, cortical actin network, localized con-
traction, cell–cell contact, and stabilization of adherens
junctions, based on actin polymerization or depolymeriza-
tion, actin nucleation, actin filament stabilization, and acto-
myosin assembly (Schmitz et al., 2000; Bishop and Hall,
2000; Matozaki et al., 2000; Takai et al., 2001). Thus, Rho
proteins are very likely to be signaling molecules leading to
actin filament-dependent dynamic events at fertilization de-
scribed above.
The present study showed that at least Rac1 and RhoB
are present in mouse eggs and located in the cortical oop-
lasm. It seems that Rac1 is strongly expressed and RhoB is
expressed to a lesser extent. Rho is unlikely to be respon-
sible for sperm entry (see Introduction). C3-CB, the inhib-
itor of Rho, did not affect sperm-induced Ca2 oscillations,
sperm incorporation, and the distribution of actin filaments.
At present, Rac1 is a candidate of the target G protein of
toxin B. The functional inhibition of Rac1 in the cortex by
toxin B may cause the loss of cortical organization of actin
filaments, as suggested by F actin staining with rhodamine
phalloidin (Fig. 11C). Novel specific inhibitors for each G
protein are required for further studies.
To understand the upstream signaling to Rho family G
proteins is interesting, because the processes of sperm–egg
fusion and sperm incorporation will be initiated immedi-
ately after stimulation upon sperm binding to the egg sur-
face. The membrane receptors leading to the activation of
Rho proteins by guanine nucleotide exchange factors
(GEFs) include G protein-coupled receptors, such as lyso-
phosphatidic acid (LPA) receptor, growth factor receptors
with tyrosine kinase such as EGF receptors, and surface
proteins such as integrins and CD44 (Ridley, 2001; Schmitz
et al., 2000). Recent work has shown that there is a mutual
regulation between integrins and Rho family G proteins
(Schwartz and Shattil, 2000).
The present study provides a clue to reveal the roles of
Rho family G proteins in the early events at fertilization.
This study tempts us to extend the work on Rho family G
protein-mediated sperm–egg interaction by dissecting indi-
vidual steps; receptor, upstream signaling molecule, Rho
family G protein, downstream signaling molecule, effector
protein, modification of actin filament, actin-binding pro-
tein, and action of microfilaments for sperm incorporation.
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